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We study the polarized Λb baryon semileptonic decay Λb → Λclν¯ using perturbative QCD
factorization theorem. Employing the heavy baryon transition form factors calculated in our previous
work, we predict the asymmetry parameter α(eˆ) ≡ (N+ −N−)/(N+ +N−) = −0.31P · eˆ, where P
is the Λb baryon polarization, eˆ a unit vector perpendicular to the Λb baryon momentum, N+ (N−)
the number of leptons whose momenta possess positive (negative) components along eˆ. This result
is useful for extracting the transverse polarization of a Λb baryon from data of exclusive semileptonic
decays.
I. INTRODUCTION
Recently, we have developed perturbative QCD (PQCD) factorization theorem for exclusive heavy baryon decays
[1,2]. In this approach transition form factors are expressed as convolutions of hard heavy quark decay amplitudes
with heavy baryon wave functions. The former are calculable in perturbation theory in the kinematic region where
large momentum transfer is involved. The latter, absorbing nonperturbative dynamics of decay processes, must be
obtained by means outside the PQCD regime. Large logarithmic corrections are organized by Sudakov resummation
and renormalization-group equations to improve perturbative expansions. Since wave functions are universal, they
can be determined once for all, and then employed to make predictions for other modes containing the same heavy
baryons. With this prescription for nonperturbative wave functions, PQCD factorization theorem possesses predictive
power.
In this paper we shall apply the above PQCD formalism to polarized Λb baryon decays. It is well known that
hyperons produced in hadronic machines through strong interaction are usually polarized. However, the mechanism
responsible for such a polarization is still unclear. Hence, it is interesting to investigate if similar phenomena happen
for heavy baryons produced in proton-proton and proton-anti-proton collisions at various energies. Since b-baryon
events in hadronic productions are often selected by the presence of high energy leptons, we shall focus on studying
the Λb baryon polarization through the semileptonic decays. The longitudinal polarization of a Λb baryon produced
from Z0 decays [3,4] could be determined by measuring the ratio of the average electron (muon) energy to the average
neutrino energy in the inclusive semileptonic decays [5,6]. This ratio, obtained in the laboratory frame, is then related
to the ratio of the corresponding energies in the rest frame of the Λb baryon.
When heavy baryons are produced via strong interaction, they could possess transverse polarization perpendicular
to baryon momenta. In the present work we shall concentrate on the determination of the transverse polarization of
a Λb baryon from the angular distribution of leptons produced in the Λb → Λclν¯ decay. For semileptonic decays, it is
usually not possible to reconstruct fully the momentum of the parent baryon. In order to determine the heavy baryon
polarization through semileptonic events, we propose to measure the asymmetry parameter α ≡ (N+−N−)/(N++N−),
where N+ (N−) is the lepton number emitted above and below a plane that contains the Λb baryon momentum. This
quantity is invariant under a longitudinal boost and can be simply evaluated in the rest frame of the Λb baryon. Using
the Λb → Λc transition form factors obtained from PQCD factorization theorem [2], we derive the relation between α
and the transverse polarization P · eˆ of the Λb baryon, α = −0.31P · eˆ, where eˆ is a unit vector perpendicular to the Λb
baryon momentum. Comparing this relation with experimental data of α, one may extract the Λb baryon transverse
polarization.
It has been shown that PQCD analyses for Λb → Λc transition form factors are reliable at the maximal recoil of the
Λc baryon [2]. The percentages of the full contribution to the form factors, that arise from the short-distance region
with αs/π < 0.2-0.5, are listed in Table I. It is observed that for the velocity transfer ρ ∼ 1.4, about 60% of the full
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contribution comes from the region with αs/π < 0.3. Though the results are not completely perturbative, it makes
sense to estimate the form factors at the maximal recoil using PQCD, and to give predictions that can be tested by
future experiments.
Extrapolating PQCD results to small ρ under the requirement of heavy quark symmetry (HQS) [7], we have
determined the behaviors of the form factors in the whole range of the velocity transfer. This extrapolation leads to
the reasonable branching ratio B(Λb → Λclν¯) = 2 ∼ 3%, which is consistent with the experimental upper bound of
the branching ratio from the data B(Λb → Λclν¯+X) = (8.27± 3.38)% [8]. The Λb → Λc transition form factors have
been evaluated by means of overlap integrals of infinite-momentum-frame wave functions [9,10], relativistic quark
models [11], Bethe-Salpeter equations [12] and QCD sum rules [13–15]. Most of the analyses led to the branching
ratios about or below 6%. Our result is close to the result (3.4± 0.6)% derived in [13].
II. ASYMMETRY PARAMETER
We first define the Λb → Λc transition form factors, and refer their explicit factorization formulas to [2]. The
amplitude for the semileptonic decay Λb → Λclν¯ is written as
M = GF√
2
Vcb l¯γ
µ(1 − γ5)νl 〈Λc(p′)|c¯γµ(1− γ5)b|Λb(p)〉 , (1)
where GF is the Fermi coupling constant, Vcb the Cabibbo-Kobayashi-Maskawa (CKM) matrix element, p and p
′ the
Λb and Λc baryon momenta, respectively. QCD dynamics is contained in the hadronic matrix element
Hµ ≡ 〈Λc(p′)|c¯γµ(1− γ5)b|Λb(p)〉 ,
= Λ¯c(p
′)[f1(q
2)γµ − if2(q2)σµνqν + f3(q2)qµ]Λb(p)
+Λ¯c(p
′)[g1(q
2)γµ − ig2(q2)σµνqν + g3(q2)qµ]γ5Λb(p) . (2)
In the second line Hµ has been expressed in terms of six form factors fi and gi, where Λb(p) and Λc(p′) are the
Λb and Λc baryon spinors, respectively, and the variable q denotes q = p − p′. In the case of massless leptons with
qµ l¯γ
µ(1− γ5)νl = 0, f3 and g3 do not contribute. Since the contributions from f2 and g2 are small, we shall consider
only f1 and g1 below.
The polarization density matrix for a Λb baryon with polarization P is written as
̺KK′ =
1
2
P a(σa)KK′ , σ0 = I . (3)
For the purpose of normalization, we usually choose P 0 = 1. The hadronic matrix element with the helicity of the
initial- and final-state baryons specified is expressed as
Hµ(K, J) = Λ¯c(p′, J)[f1(ρ)γµ + g1(ρ)γµγ5]Λb(p,K) , (4)
which leads to the covariant density matrix
Hµν =
∑
K,K′,J
Hµ(K, J)̺KK′H∗ν(K ′, J) . (5)
The differential decay rate is written as
dΓ =
1
2MΛb
|Mp|2(2π)4δ4(p− p′ − pl − pν) d
3p′
(2π)32E′
d3pl
(2π)32El
d3pν
(2π)32Eν
, (6)
where pl (pν) is the lepton (neutrino) momentum. The matrix element square is given by
|Mp|2 = G
2
F
2
|Vcb|2HµνLµν , (7)
with the leptonic covariant tensor,
Lµν = 8 [pµl pνν + pνl pµν − pl · pνgµν + iǫµναβplαpνβ] . (8)
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Define the velocity transfer ρ, which is related to q2 via
ρ =
M2Λb +M
2
Λc
− q2
2MΛbMΛc
, (9)
with MΛb and MΛc being the Λb and Λc baryon masses, respectively. Performing the phase space integrations
straightforwardly, Eq. (6) reduces to
d4Γ
dE′dEld cos θcdΩl
=
1
256π5MΛb
1
sin θc sin θl sin φ¯
|Mp|2 , (10)
where E′ = ρMΛc (El) is the Λc baryon (lepton) energy, θc (θl) the polar angle of the Λc baryon momentum p
′ (the
lepton momentum pl) against the Λb baryon polarization, φl the azimuthal angle of pl, and dΩl = d cos θldφl the
solid angle. The azimuthal angle φ¯ and the angle θ¯ between p′ and pl satisfy the relations
cos φ¯ =
1
sin θc sin θl
[cos θ¯ − cos θc cos θl] , (11)
cos θ¯ =
M2Λb +M
2
Λc
− 2MΛbE′ − 2MΛbEl + 2E′El
2
√
E′2 −M2ΛcEl
. (12)
The kinematic ranges of E′ and El are
MΛc ≤ E′≤
M2Λb +M
2
Λc
2MΛb
,
1
2
[
MΛb − E′ −
√
E′2 −M2Λc
]
≤ El≤ 1
2
[
MΛb − E′ +
√
E′2 −M2Λc
]
. (13)
Requiring cos2 φ¯ ≤ 1, it is easy to derive the ranges of cos θc and cos θl from Eq. (11),
| cos θl|≤ 1 ,
cos(θl + θ¯) ≤ cos θc ≤ cos(θl − θ¯) . (14)
The projection operator associated with a spin-1/2 particle of mass m is written as [16]
u(p,K)u¯(p,K ′) =
1
2
(m+ p/)[(I)K′K + γ5γµn
µ
i (σ
i)K′K ] , (15)
where I is the 2 × 2 unit matrix, K and K ′ represent the helicities ± 1
2
, and σi are the Pauli matrices. In the rest
frame of a Λb baryon with p = (MΛb ,0), we have the boost vectors n
j
i = δ
j
i , i, j = 1, 2, 3. Using Eqs. (3), (5), and
(15), we obtain the expression of |Mp|2,
|Mp|2 = 8MΛbG2F |Vcb|2[F0(E′, El) + F1(E′, El)p′ ·P+ F2(E′, El)pl ·P] , (16)
with the functions
F0 = −(MΛb − E′ − El)[M2Λb +M2Λc − 2(E′ + El)MΛb ](f1 − g1)2
+El(M
2
Λb
−M2Λc − 2MΛbEl)(f1 + g1)2 −MΛc(M2Λb +M2Λc − 2MΛbE′)(f21 − g21) ,
F1 = [M
2
Λb
+M2Λc − 2(E′ + El)MΛb ](f1 − g1)2 + 2MΛcEl(f21 − g21) ,
F2 = [M
2
Λb
+M2Λc − 2(E′ + El)MΛb ](f1 − g1)2 − (M2Λb −M2Λc − 2MΛbEl)(f1 + g1)2
+2MΛc(MΛb − E′)(f21 − g21) , (17)
and the scalar products
p′ ·P =
√
E′2 −M2
Λc
|P| cos θc , pl ·P = El |P| cos θl . (18)
The first term F0 is associated with the unpolarized Λb baryon decay. Integrating out cos θc according to the range
in Eq. (14), Eq. (10) becomes
3
d3Γ
dE′dEldΩl
=
G2F
16π4
|Vcb|2[F0 + (MΛc
√
ρ2 − 1 cos θ¯F1 + ElF2) pˆl ·P] , (19)
where pˆl = pl/|pl| is the unit vector along the lepton momentum.
To obtain the decay rate, we need the information of the form factors f1(ρ) and g1(ρ) in the whole range of ρ. f1
and g1 have been evaluated in [2] by adopting the CKM matrix element Vcb = 0.04, the massesMΛb = 5.624 GeV and
MΛc = 2.285 GeV. As shown in Table I, the contribution from the short-distance region with αs/π < 0.3 becomes
dominant gradually when ρ increases. The PQCD analysis can be regarded as being self-consistent at the maximal
ρ ∼ 1.4, for which the perturbative contribution amounts to about 60% of the full contribution. We then extrapolated
the PQCD predictions to the small ρ region under the requirement of HQS [7]. Assuming the parametrization,
f1(ρ) =
cf
ραf
, g1(ρ) =
cg
ραg
, (20)
we have obtained the constants cf = 1.32 and cg = −1.19, and the powers αf = 5.18 and αg = 5.14 by fitting Eq. (20)
the PQCD results at large ρ [2]. The values of the form factors at zero recoil, f1(1) = 1.32 and g1(1) = −1.19, are close
to those derived based on wave function overlap integrals [9]. The approximate equality of f1 and |g1| is consistent
with the conclusion drawn from heavy quark effective theory (HQET) [17,18].
We emphasize that there is no conflict between PQCD and HQET, which has been applied to heavy hadron decays
successfully. If a hadron is indeed very heavy, a small portion of its mass used for the energy release involved in decay
processes can guarantee the applicability of PQCD. That is, the decay processes move into the perturbative regime
quickly once the velocity transfer is slightly greater than unity. In [2] we have made a quantitative investigation to
find out how far from the zero recoil PQCD is applicable to Λb baryon decays. Besides, HQET gives the relations
among various transition form factors, while PQCD can be employed to calculate the behaviors of these form factors
near the high end of the velocity transfer. We have also performed the heavy quark expansion as constructing the
heavy baryon wave functions. Hence, the two approaches in fact complement each other.
To extract the transverse polarization of a Λb baryon, we propose to measure a lepton asymmetry parameter in the
laboratory frame. Choose a unit vector eˆ perpendicular to the Λb baryon momentum, whose direction is known if the
interaction point of hadron beams as well as the decay vertex of the Λb baryon are observed. The lepton asymmetry
parameter α(eˆ) with respect to eˆ is defined as
α(eˆ) =
N+ −N−
N+ +N−
, (21)
where N+(N−) is the number of leptons with positive (negative) values of pˆl · eˆ. Since α(eˆ) is invariant under a boost
along the Λb baryon momentum, we can simply calculate α(eˆ) in the rest frame of the Λb baryon, i.e., in the above
framework, and derive its relation to the Λb baryon polarization.
Integrating over the variables E′ (or ρ) and El in Eq. (19), we arrive at
dΓ
dΩl
=
MΛcG
2
F
16π4
|Vcb|2 (G0 +G1 pˆl ·P) , (22)
with the integrals
G0 =
∫
dρdEl F0(E
′, El) ,
G1 =
∫
dρdEl [MΛc
√
ρ2 − 1 cos θ¯ F1(E′, El) + El F2(E′, El)] . (23)
It is straightforward to show, from Eq. (22),
N± = C0(G0 ± 1
2
G1 P · eˆ) , (24)
C0 being a constant depending on the production rate of Λb baryons. Therefore, we have
α(eˆ) =
G1
2G0
P · eˆ = −0.31P · eˆ , (25)
where the numerical results of G0 and G1 from Eq. (23) have been inserted. It implies that the lepton tends to
be emitted in the direction opposite to the transverse polarization of the Λb baryon and that the magnitude of the
asymmetry parameter can not exceed 0.31.
4
We have tested the sensitivity of our predictions to the variation of the heavy baryon wave functions. The asym-
metry parameters α(eˆ) change only few percents for various choices of the baryon wave functions. This observation
is expected, since nonperturbative effects from the wave functions cancel in the ratio of (N+ −N−)/(N+ +N−). For
a similar reason, this ratio does not depend on the normalizations of the heavy baryon wave functions. Therefore,
Eq. (25) can be regarded as being almost model-independent, and verified experimentally. Other potential correc-
tions to the asymmetry parameter are under control and can be included systematically. For example, higher-order
corrections to the hard amplitudes are suppressed by αs/π < 0.3, which give 30% uncertainty at most. Higher-twist
contributions are of order Λ¯/MΛb ∼ 0.1 with the mass difference Λ¯ =MΛb −mb, mb being the b quark mass.
The Λ¯b baryon, produced together with the Λb baryon in proton-anti-proton collisions, possesses a polarization
opposite to that of the Λb baryon, while the lepton from the Λ¯b → Λ¯c l¯ν decay tends to be produced along the
transverse polarization of the Λ¯b baryon. As a result, for colliding experiments at the Tevatron, it is possible to
combine events of the Λb and Λ¯b baryons to double the statistics, and measure the lepton asymmetry parameter
irrespective of whether the leptons are from Λb or Λ¯b baryon decays. With about 200 Λb baryon events available
currently, the asymmetry parameter could be measured to 10% accuracy corresponding to a 30% polarization. For
Run II of the Tevatron, it is likely to collect 20 times more events so that a polarization of a few percent could
be determined. In addition, the Λb baryon polarization can be measured through meson asymmetry parameter in
nonleptonic decays. The application of the PQCD formalism to this case is under investigation.
III. CONCLUSION
In this paper we have studied the polarized Λb baryon semileptonic decay Λb → Λclν¯ using PQCD factorization
theorem. We have proposed a boost invariant quantity α(eˆ) related to the transverse polarization P · eˆ of a Λb
baryon, which can be measured with available data from current and future experiments. This quantity is defined
as the number asymmetry of the leptons which are produced with positive and negative components of momenta
along eˆ. With respect to the production plane of Λb baryons at the Tevatron, it is the asymmetry of the lepton
numbers above and below this plane. Using the transition form factors obtained in the PQCD approach, we have
predicted α(eˆ) = −0.31P · eˆ. It indicates that the lepton tends to be emitted in the direction opposite to the Λb
baryon transverse polarization and that the magnitude of the asymmetry parameter can not exceed 0.31. Our result
is useful for extracting the transverse polarization of a Λb baryon from its exclusive semileptonic decay.
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C 0.2 0.3 0.4 0.5
ρ = 1.2 18% 49% 66% 78%
ρ = 1.3 22% 54% 71% 79%
ρ = 1.4 25% 58% 74% 82%
TABLE I. Percentages of the full contributions to the form factor f1, that arise from the region with αs/pi < C.
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